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Exotic nuclear spin behavior in dendritic
macromolecules†
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Andreas Meyer,d Silvio O. Rizzolic and Stefan Glöggler *ab

Dendrimers are a class of branched, highly symmetric macromolecules that have been shown to be

useful for a vast number of different applications. Potential uses as fluorescence sensors, in catalysis and

perhaps most importantly in medical applications as drug delivery systems or cytotoxica have been

proposed. Herein we report on an exotic behaviour of the nuclear spins in a dendritic macromolecule in

the presence of different paramagnetic ions. We show that the stability of the long lived nuclear singlet

state, is affected by the presence of Cu(II), whereas other ions did not have any influence at all. This

effect could not be observed in the case of a simple tripeptide, in which the nuclear singlet stability was

influenced by all investigated paramagnetic ions, a potentially useful effect in the development of Cu(II)

selective probes. By adding a fluorescent marker to our molecule we could show that the nuclear

singlet multimer (NUSIMER) is taken up by living cells. Furthermore we were able to show that nuclear

singlet state NMR can be used to investigate the NUSIMER in the presence of living cells, showing that

an application in in vivo NMR can be feasible.

Introduction

Dendrimers are large, centrosymmetric, highly branched
macromolecules that can be easily modified at the end of each
branch by different means of chemical synthesis.1 Since the
first report on dendritic structures,2 dendrimers quickly raised
the interest of researchers in different fields and a large
number of different possible applications have been proposed,
ranging from the use as effective filtering systems3 over the use
as chemical sensors4,5 to chemical catalysis.6,7 In the latter two
cases, the high number of terminal functional groups in
dendrimers drastically increases the effectiveness in the respec-
tive applications, since they allow for a large number of active
residues to be condensed in one molecule and thus in the same
area. Apart from the aforementioned possibilities, dendrimers

have been investigated especially in the field of medical
research. Cavities in the dendritic structures allow for the use
as drug delivery systems by encapsulating different
compounds.8,9 Additionally, dendrimer based cytotoxica have
been introduced by attaching small cytotoxic compounds to
dendrimers, again accumulating a high number of active
compounds in the same place.10–12

A fairly recent proposal for the use of dendrimers are nuclear
singlet multimers (NUSIMERs).13 This approach makes use of
the accumulation of up to 128 equivalent residues at the
branches of a poly(amidoamide) dendrimer of the 5th genera-
tion (G5-PAMAM) in combination with nuclear singlet state
NMR. A nuclear spin singlet state requires two spin-12 nuclei
coupling with each other. While the triplet state with a total
spin of 1, can be observed in regular NMR experiments, the
singlet state with a total spin of 0 is NMR silent.14 Nuclear
singlet states have been shown to have lifetimes often exceed-
ing the spin–lattice relaxation T1. This particular property
allows for the transfer of magnetization from the triplet state
to the singlet state, in which the spin order can be stored and,
at a later point, retrieved again.14–44 A combination of the
transfer of magnetization to singlet state order and back with
a singlet filter allows for selective observation of just the proton
pair in which a singlet state has been populated, thus eliminat-
ing all background signal, including the solvent signal.13,44,45

For a better understanding of the behaviour of the nuclear
spins, this phenomenon has been thoroughly investigated in
perfect environments, such as low viscosity, perdeuterated

a Research Group for NMR Signal Enhancement, Max Planck Institute for

Biophysical Chemistry, Am Fassberg 11, 37077 Göttingen, Germany.

E-mail: stefan.gloeggler@mpibpc.mpg.de; Tel: +49 551 3961108
b Center for Biostructural Imaging of Neurodegeneration, Von-Siebold-Straße 3A,

37075 Göttingen, Germany
c Institute for Neuro- and Sensory Physiology, University Medical Center Göttingen,

Humboldtallee 23, 37073 Göttingen, Germany
d Research Group Electron Paramagnetic Resonance, Max Planck Institute for

Biophysical Chemistry, Am Fassberg 11, 37077 Göttingen, Germany

† Electronic supplementary information (ESI) available. See DOI: 10.1039/d1cp04483d
‡ Present address: Key Laboratory of Pesticide and Chemical Biology of Ministry
of Education, Hubei International Scientific and Technological Cooperation Base
of Pesticide and Green Synthesis, College of Chemistry, Central China Normal
University, Wuhan, 430079, China.

Received 30th September 2021,
Accepted 12th November 2021

DOI: 10.1039/d1cp04483d

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/2
5/

20
24

 6
:1

1:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-8111-395X
http://orcid.org/0000-0002-4968-9713
http://orcid.org/0000-0003-3354-6141
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp04483d&domain=pdf&date_stamp=2021-11-18
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp04483d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023046


26350 |  Phys. Chem. Chem. Phys., 2021, 23, 26349–26355 This journal is © the Owner Societies 2021

solvents34 or under the exclusion of oxygen in order to mini-
mize singlet leakage and thus extending the singlet state
lifetime.15,21,33 The fact that the equilibration time between
the NMR silent nuclear singlet state and the NMR active triplet
state (Ts) oftentimes exceeds T1

20–23 leads to the possibility to
analyze dynamics and has already been used to probe struc-
tures of proteins and to investigate drug binding as well as
diffusion phenomena41–44,46,47 or even the selective detection of
different amino acids in the same protein in vitro.48 However,
most of those experiments have been carried out in deuterated
solvents, degassed samples or with partially deuterated com-
pounds as well. In few studies it could be shown that long-lived
nuclear singlet states can be used in vitro in non-deuterated
solvents and in near physiological conditions,13,44 or even
in vivo in magnetic resonance spectroscopy to filter metabolic
signals.49 In the latter example it could be shown that singlet
filtering is possible in MRI experiments. Especially in this
context, the inherently low sensitivity of NMR can be somewhat
overcome by the accumulation of a large number of chemically
equivalent proton pairs in the same molecule, for which the use
of dendrimers is exceptionally well suited. The fact that den-
dritic structures have been shown to be a valid concept in the
development of probes, lead us to investigate the possibilities
to use dendritic structures to probe for paramagnetic ions and
furthermore explore possibilities to use NUSIMERs in in-cell
experiments.

General concept

A nuclear singlet multimer (NUSIMER) G5-PAMAM-GGA-NH2,
is a poly(amidoamide) dendrimer of the 5th generation
(G5-PAMAM) which has been modified by attaching the gly-
cin–glycin–alanin tripeptide (GGA) (1) to it to obtain a macro-
molecule (2) that contains up to 128 proton pairs per molecule
with the same chemical shift dispersion in which a nuclear
singlet state can be populated13 (Fig. 1). Due to the high density
of chemically equivalent proton pairs in which a singlet state
can be populated, the use of NUSIMERs can greatly increase the
sensitivity and NUSIMERs can be detected at low concentra-
tions in reasonably quick experiments. The presence of amide
and amine functions within the structure as well as at the end
of each branch, makes them excellent candidates for the
interaction with metal ions and thus the potential use as probes
for metal ions.

In a first set of experiments we investigated the effect of
paramagnetic metal ions on T1

�1 and Ts
�1 in (1) and (2) to

assess the possibility to use NUSIMERs to sense certain ions. In
an investigation of the effect of some paramagnetic ions on T1

and Ts in a simple glycine–alanine dipeptide, it has been shown
that the singlet state is less sensitive to paramagnetic relaxation
than the conventional nuclear magnetization.40 This property
can be useful in increasing the specificity compared to the
standard NMR experiment. Metal ions play a pivotal role in
many biological processes. Especially Cu(II) has gained some
attention, since high Cu(II) concentrations are associated with
the formation of Ab-plaques which can be found in Alzheimer’s
disease patients.50 Furthermore, we investigated the effect of
Fe(III), Gd(III), Mn(II) and Zn(II) on T1

�1 and Ts
�1.

To further explore the possibility to use NUSIMERs for the
detection of said ions in a biological environment, we decided
to investigate, if NUSIMERs can be viable for in vivo experi-
ments in cells. In order to be able to trace the NUSIMER,
compound (2) has been modified by attaching a fluorescent
tag (Atto488) to it to obtain G5-PAMAM-GGA-Atto488 (3) (Fig. 1).

Results and discussion
Influence of paramagnetic metal ions on T1

�1 and Ts
�1

In order to simulate the environment most likely to be relevant
in potential in vivo applications, samples of (2) have been
prepared in aqueous HEPES buffered solutions (10 mM) and
have been titrated with Gd(III), Mn(II), Fe(III), Cu(II) and Zn(II)
respectively (experiments conducted at 600 MHz). Zn(II) is
diamagnetic but also an important disease marker and was
hence included in our investigation. After each addition of the
respective ions T1

�1 and Ts
�1 have been determined (T1

�1 plots
are provided in the ESI†). We performed the same experiments
with (1) to correlate the obtained data (Fig. 2).

For (1) we observed changes in T1
�1 and Ts

�1 in a similar
relation in the presence of paramagnetic ions as has been
shown before.40 Notably, in the case of (1) in combination with
Fe(III) we observed an effect on T1

�1 and Ts
�1 which can be

explained by the slow complexation of Fe(III) by the HEPES
buffer. The complexation of Fe(III) by different Goods buffers
has been reported previously.51 We investigated this complexa-
tion more thoroughly by determining T1 and Ts in a sample of
(1) in HEPES buffer at different times after the addition of Fe(III)
(150 mM). We could observe a slow increase in T1 and Ts

respectively (Fig. 2f). To show that this is an effect of the buffer
as well as exclude any effect of the buffer in all cases, we
investigated the observed phenomena in unbuffered D2O solu-
tions of the paramagnetic ions, whereby the pD remained
unchanged and independent of the ion concentration. These
investigations have been conducted at a lower magnetic field
(300 MHz) to exclude field dependency effects. We found that
T1
�1 and Ts

�1 of the peptides and dendrimer investigated
display a similar behavior as in the buffer, with Fe(III) following
the expected behavior as it does not form a complex (Fig. 3a). In
case of (2) we could not observe any effect on either Ts

�1 or T1
�1

Fig. 1 (A) Structure of the tripeptide (GGA) (1) with accessible proton
singlet states indicated in blue and structure of the fluorescent tag
Atto488. (B) Modification of G5-PAMAM-GGA-NH2 (2) by addition of
Atto488 leads to G5-PAMAM-GGA-Atto488 (3).
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except in the case of Cu(II) (Fig. 2d). This effect of Cu(II) is
especially apparent at concentrations between 200 mM and

400 mM, which are the concentrations reported to be found in
Ab aggregates as well.50 If one closely examines the effect of
copper on Ts

�1, an increase in the singlet stability rate is
experienced at first which reaches a minimum at 150 mM
copper concentration. If the copper concentration is further
increased, Ts

�1 decreases as well. For copper we investigated if
we can exclude effects of the buffer or if we, similarily to iron,
see an interaction of buffer with the ions. Upon addition of
copper to the dendrimer we observe in D2O that Ts

�1 starts
subceeding the initial value found in the dendrimer, when no
ions had been added. We did not observe this behavior if T1

�1

is investigated. T1
�1 increases with copper concentration and

reaches a plateau and did not go down again within the error
over the investigated range.

We tried to confirm this behaviour at a higher magnetic field
and observed a similar effect in D2O at 600 MHz, although Ts

�1

did not subceed the initial value. The same effect could be
observed for T1

�1 (Fig. 4).
For an explanation of the effect of Cu(II) on Ts

�1 we propose
a direct influence of the ions on the constitution of (2). In
dendrimers, typically three possible mechanisms are consid-
ered how ions can influence the constitution. They can interact
with the chains, be incorporated into the center of the den-
drimer and may be influenced by electrostatic repulsion of
charged parts of the dendrimer and ions.52–55 Once copper is
added, we observe complexation of Cu(II) to the amide func-
tions at first. This interaction of Cu(II) with the amide functions
is confirmed in UV/vis experiments (see ESI†). At a certain
copper concentration, a saturation of the amide functions at
the outer sphere seems to occur. With a further increase in
copper concentration we hypothesize that the chain mobility
further increases whereby no further copper ions have an effect
on the singlet state equilibration. As a result, Ts

�1 would
become shorter due to an ongoing decrease in correlation time.
A similar behaviour has been described for the interaction of
the inner branches of a poly(amidoamide) dendrimer of the 4th
generation with Cu(II).56

In order to verify this hypothesis, we performed diffusion-
ordered spectroscopy (DOSY) measurements to analyze the
change of chain mobility at increasing copper concentrations
and how T1

�1 and Ts
�1 are influenced. A first result that we

found is that the diffusion coefficient (D) of the glycine protons
in the dendrimer increases linearly with the copper

Fig. 2 Equilibration rates Ts
�1 of GGA (12.8 mM) (1) (black) and G5-

PAMAM-GGA-NH2 (100 mM) (2) (red) in HEPES buffered H2O at 600 MHz
depending on the concentration of different paramagnetic ions Gd(III)
(a), Mn(II) (b), Zn(II) (c), Cu(II) (d) and Fe(III) (e). An effect of Cu(II) on Ts in
the dendrimer is apparent in (d). This effect cannot be seen for the other
ions within the error. The effect of Fe(III) on Ts in the tripeptide (e) can be
explained by the interaction of HEPES with Fe(III) (f). Error margins are
standard deviations of 3 separate measurements with 8 scans each.

Fig. 3 Equilibration rates Ts
�1 of (1) (12.8 mM) (black) and (2) (100 mM)

(red) in D2O at 300 MHz depending on different concentrations of Fe(III)
(a), Gd(III) (b), Mn(II) (c) and Cu(II) (d). Error margins are the standard
deviation of 3 different measurements.

Fig. 4 Equilibration rates Ts
�1 (black) and T1

�1 (red) of (2) (100 mM) in D2O
depending on different concentrations of Cu(II) at 600 MHz. Error margins
are the standard deviation of 3 different measurements.
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concentration (Fig. 5a). At the same time Ts
�1 in the dendri-

mers increases sharply and then starts to decrease again. This
effect, can be observed at 150 mM Cu(II) in Ts

�1 whereby a
plateau is reached for T1

�1 at similar concentrations within the
error. The increase in Cu(II) concentration did not show any
effect on the diffusion coefficient of the water signal (data
shown in the ESI†), showing that no change in viscosity takes
place. Thus a contribution of a possible viscosity change can be
excluded, as can be an effect of the buffer or the solvent, due to
the effect not being observed in the case of the tripeptide GGA
in buffered and unbuffered solutions (see ESI†).

To further investigate the kind of interaction between Cu(II)
and (2), we recorded electron paramagnetic resonance (EPR)
spectra of Cu(II) (500 mM), GGA in the presence of Cu(II)
(500 mM), G5-PAMAM with 500 mM Cu(II) as well as (2) with
500 mM Cu(II) (Fig. 5). Additionally, simulations of the experi-
mental spectra have been performed.

In a first experiment the EPR spectrum of Cu(II), or rather
hexaaqua-d12 Cu(II), in D2O was recorded as a reference spec-
trum. This spectrum showed to be identical to the obtained
spectrum of Cu(II) in D2O in the presence of GGA, indicating
that no complexation of Cu(II) by GGA takes place (Fig. 5b). This
observation has also been confirmed by UV/VIS measurements
(see ESI†). The measurements for Cu(II) in the presence of G5-
PAMAM and (2) (Fig. 5c and d) display different spectra not only
to the one of hexaaqua Cu(II), with a gz of 2.4, but also to one
another. Performed simulations indicated a ligation by the
nitrogen atoms of the dendrimer and the Cu(II) with a gz at
around 2.25 which is significantly different than the one of the
hexaaqua complex of Cu(II) and characteristic for Cu(II)–N

complexes.57–60 In both cases the shape of the EPR spectra
were independent of the Cu(II) concentration. The simulations
point towards a tetragonal symmetry around the Cu(II) in the
presence of G5-PAMAM, with equal gx and gy, whereas in
the presence of (2) a rhombic symmetry is obtained from the
simulation where gx, gy and gz are all different from one
another. It is, however, likely that the experimental spectra
contain contributions from different Cu(II) complexes as has
been shown to be the case in the presence of G4-PAMAM.56

The parameters obtained from the simulations are shown in
the ESI.†

We herein propose a model in which, upon the first addition
of Cu(II) to the dendrimer, a coordination of Cu(II) to the
terminal amino functions as well as a coordination to the
amide functions of the tripeptide residues occurs. This leads
to an increase in the diffusion coefficient of the glycine residues
and thus to an increased chain mobility. However upon further
addition of Cu(II) the chain mobility of the tripeptide residues
further increases and a decrease in Ts

�1 takes place. The first
increase in Ts

�1 is likely induced by the binding of copper to the
amide functions of the tripeptide resdiues and the thus
increased proximity to the glycine protons. The subsequent
decrease in Ts

�1 then can be attributed to the further increasing
mobility of the protons. The decrease in Ts

�1 is likely due to a
difference in the distance dependency of T1

�1 and Ts
�1 of the

dipole–dipole relaxation (r6 for T1
�1 and r8 for Ts

�1)61 which
might indicate a saturation of the outer sphere of the dendri-
mer with Cu(II) which then does only allow further Cu(II) to have
an effect on T1

�1 since it cannot get any closer to the relevant
protons. Any further Cu(II) is likely incorporated into the
dendritic core, an effect that has been made use of e.g. in
dendrimer entrapped nanoparticles.52,62

At the point of the incorporation of Cu(II) into the dendritic
core, a decrease in hydrodynamic radius of the dendrimers is
likely to occur. Due to the difference in chain mobility a direct
correlation of the diffusion coefficient determined by DOSY
NMR and the hydrodynamic radius is challenging.63 For further
insight into a possible change in size of the dendrimers,
dynamic light scattering (DLS) measurements have been per-
formed (see ESI†). The size of G5-PAMAM-GGA was thus
determined to be around 3.5 nm which is in the order of
magnitude of the determined size of G5-PAMAM.55 However
no significant change in particle size upon the addition of Cu(II)
could be determined. This indicates that Cu(II) at low concen-
trations, mainly interacts with the outer branches of the
dendrimer, influencing their mobility, while the impact on
the particle size seems to be minimal, if at all present.

The binding hypothesis is supported by the observation of a
change in color upon the addition of (2) to a solution of
Cu(II)Cl2 from a nearly colorless light blue to a considerably
darker blue (see Fig. S24 in the ESI†). As dendrimers represent a
complex system, the proposed mechanism above may serve as
another step to support ongoing work on solving the structures
of dendritic molecules. As already described above, this change
is observed by UV/vis spectroscopy showing a change in absorp-
tion bands typically associated with amide bonds in proteins

Fig. 5 (a) Diffusion coefficient (D) at different Cu(II) concentrations as
determined via DOSY NMR spectroscopy. The effect on the diffusion
coefficient is 3 � 10�14 m2 s�1. (b) EPR spectra of Cu(II) (500 mM) in the
presence of GGA (black) and Cu(II) (500 mM). (c) EPR spectrum of Cu(II)
(500 mM) in the presence of G5-PAMAM (black) and simulated spectrum
(red). (d) EPR spectrum of Cu(II) (500 mM) in the presence of (2) (black) and
simulated spectrum (red). The spectra have been recorded at 30 K in a
mixture of D2O and glycerol (1 : 2).
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upon addition of Cu(II) to a solution of (2). We did not observe
this change in the case of Gd(III), Mn(II) and Fe(III) (See Fig. S12–
S23 in the ESI†).

Assessment of NUSIMERs as potential bioprobes

The observed selective effect of Cu(II) on T1
�1 and Ts

�1 gives rise
to a possible application of the NUSIMERs as Cu(II) probes,
especially, but not limited to, the detection of Cu(II) in cells or
tissue. This is especially interesting due to the central role of
Cu(II) in the formation of Ab plaques. We would like to note that
changes in Ts are already sensed below 100 mM copper con-
centrations which is well in the region in what is found in
extracellular Ab plaques. In order to test the viability of future
tissue experiments, we performed additional measurements of
a solution of (2) in an agarose gel which simulates the con-
sistency of brain matter.64 In this case, two experiments have
been performed: In both cases, the dendrimers were measured
at a concentration of 10 mM in gel which consisted of a HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffered
solution. One of the samples additionally contained 50 mM of
Cu(II). Relaxation rate experiments gave a T1

�1 of 0.016 s�1 and
a Ts

�1 of 2.42 � 0.06 s for the sample without Cu(II) and T1
�1 of

2.32 s�1 and a Ts
�1 of 0.69 s�1 for the sample with Cu(II). These

findings indicate that the same effect thoroughly studied in
100 mM concentrations in D2O can be observed in lower
concentrations in a high viscosity environment and in the
presence of buffered H2O solutions. Ts

�1 appears thereby to
be less sensitive to the presence of copper than T1

�1. Those
findings strongly indicate that detection of Cu(II) using NUSI-
MERs is possible in tissue.

In order to evaluate the possibility to use NUSIMERs in cell
experiments, we introduced a fluorescence tag (Atto488) to (2)
to obtain the fluorescently labelled NURSIMER (3). We found
an average of 5 fluorescence tags per molecule. At first, we have
studied the molecular parameters T1

�1 and Ts
�1 of (3) in D2O

and protonated phosphate saline buffer (PBS) to assess the
viability for cell experiments (Table 1). We have discovered that
(3) does not display a change in Ts

�1 in protonated buffer with
respect to the parent structure (2). In all cases, the equilibration
rate Ts

�1 is shorter than T1
�1 and therefore represents an

excellent starting point not just to filter signals but also to
probe molecular dynamics in biological systems. Table 1 sum-
marizes the results.

The observation that a long-lived state can be populated
even in aqueous buffered solutions encouraged us to further
investigate this behavior in the presence of cells by using

fluorescence microscopy and the detection of long-lived states.
At first, we have successfully tested the uptake of (3) into living
human RAMOS B-cell line, in aldehyde-fixed COS-7 fibroblast
cells, and in primary rat hippocampal neurons (see ESI†).65

Those first results included the population of a nuclear singlet
state in the presence of lysed RAMOS cells in PBS buffered
solutions. In another experiment RAMOS B-cells and COS-7
fibroblasts have been co-incubated with (3) as well as Dextran
coupled to Alexa647 to determine if (3) are endocytosed in the
same fashion as this classical endocytosis marker (Fig. 6).66

From the obtained images the internalization of (3) into the
cells as well as the localization in the nucleus and the cell
membranes could be shown. For subsequent NMR studies, we
have focused on B-cells since they are cells growing in suspen-
sion. We supplied (3) to a pellet of cells and measured Ts. The
performed NMR experiments on the B-cells after addition of (3)
showed close to no change in Ts which indicates that (3) is
stable in the presence of cells. Upon cell lysis, more macro-
molecules tend to bind to the cell membranes and nuclei. We
confirmed this behavior by investigating COS-7 fibroblasts. An

Table 1 Summary of detected longitudinal relaxation rates (T1
�1) and

singlet–triplet equilibration rates (Ts
�1) of the macromolecules. Solvents

have not been degassed prior to measurements

Compound Solvent T1
�1 [s�1] Ts

�1 [s�1]

G5-PAMAM-GGA-NH2 (2) D2O 2.04 � 0.04 0.14 � 0.01
G5-PAMAM-GGA-NH2 (2) PBS 2.85 � 0.09 0.6 � 0.06
G5-PAMAM-GGA-Atto488 (3) D2O 1.4 � 0.04 0.32 � 0.03
G5-PAMAM-GGA-Atto488 (3) PBS 1.54 � 0.09 0.55 � 0.01

Fig. 6 Different cells and conditions exposed to dendrimers conjugated
to Atto488. (a–c) Living human B cell line (RAMOS) exposed to 10 mg mL�1

of Atto488 fluorescent dendrimers (3). (a) Transmission light image at low
magnification. (b) Epifluorescence image of (a). (c) Magnification from the
white rectangle on (a) and (b). Yellow arrowheads show fluorescent
dendrimers in the cells. (d–f) Confocal images of RAMOS cells after live
co-incubation with (3) and Dextran coupled to Alexa647. Yellow arrow-
heads indicate co-localization of signals within the optical slide in the
confocal (100� objective and pinhole set to airy 1). (g–h) Paraformalde-
hyde fixed COS-7 cells were exposed to (3) with or without the permea-
bilization of their cellular membranes. (g) (3) stays mostly on the plasma
membrane of cells. (h) Permeabilized cells allow the entrance of (3)
concentrating in nuclear chromosomes, but also found within the cell
cytoplasm/membranes. DAPI stains DNA. (i) Thermal NMR-spectrum of (3)
in the presence of RAMOS cells. (j) Singlet filtered spectrum of the same
sample. The insert displays the experimentally determined decay in Ts.
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observed broadening of the NMR-signal of (3) supports the
binding hypothesis. Despite the broadening, the signal obser-
vation of (3) in the presence of lysed cells was possible using a
singlet NMR sequence45 with an additional singlet filter.67 This
filtering experiment allows for direct observation of the glycine
protons in (3) while suppressing other proton signals from cell
membranes and water with a limit of detection of 6 mM
concentrations of (3) in a single scan at 900 MHz. After
extensive washing of the lysed cells, we have still observed (3)
due to the possibility of populating singlet states. Additionally,
we confirmed the binding by observing an orange coloring of
the cells and solid state NMR experiments (see ESI†). Further
experiments on cytosol of B-cells spiked with (3) after lysis and
removal of cell membranes showed the stability: we observed
no change of the lineshape of (3) and in the measured Ts over a
period of several hours. As in the previous experiments, the
glycine signal can solely be obtained while suppressing other
signals (see Fig. S6, ESI†).

Conclusion

In conclusion we observed a unique behaviour of the molecular
parameters T1 and Ts in NUSIMERs in the presence of different
paramagnetic metal ions. Unexpectedly, the presence of Fe(III),
Mn(II) and even Gd(III) did not have any effect on neither T1 nor
Ts, which is a behaviour that, to the best of our knowledge, has
not been observed so far. Furthermore we were able to observe
a unique effect of the presence of Cu(II) on T1 and Ts, displaying
a sharp decrease in both parameters at low Cu(II) concentra-
tions followed by an increase at around 150 mM Cu(II). We
propose an interaction between the terminal tripeptides of the
NUSIMERs and Cu(II) to be responsible for this observation.
The effect of the paramagnetic relaxation competes with a
change in the mobility of the tripeptides at the outer sphere
of the dendrimers which occurs upon addition of Cu(II). Based
on this observed effect we explored the possibility to use
NUSIMERs in an biological environment and evaluate the
viability to use NUSIMERs as Cu(II) probes. We succeeded in
attaching a fluorescence tag to the NUSIMERs and observing
the uptake in different cells by fluorescence spectroscopy.
Using the NUSIMER G5-PAMAM-GGA-Atto488, we were also
able to eliminate any background signal using singlet NMR
spectroscopy in the presence of cells. This is especially promis-
ing, because it opens up the possibility to branch out into Cu(II)
detection in cells or even in vivo, which could in the future lead
to a non-invasive technique for early diagnostics of neurode-
generative diseases. This prospect seems especially possible
since it has recently be shown, that singlet filtering can be
applied in MRI.49 Our described experiments could in general
serve as an approach to design new molecular probes using
nuclear spin singlet states.
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